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ABSTRACT 
According to some theories, subglacial deformation of sediment is the process of 
sediment transport most responsible for drumlin formation.  If so, strain indicators in the 
sediment should yield deformation patterns that are systematically related to drumlin 
morphology.  Clast fabrics have been used most commonly to make inferences about strain 
patterns in drumlins but with a wide range of sometimes divergent interpretations.  These 
divergent interpretations reflect, in part, a lack of experimental control on the relationship 
between the state of strain and resulting fabrics. 
Herein, fabrics determined from the anisotropy of magnetic susceptibility (AMS) of till 
within selected drumlins of the Green Bay Lobe are used to study the role of bed 
deformation in drumlin formation.  AMS fabrics are a proxy for fabrics formed by non-
equant, silt-sized, magnetite grains.  Unlike past fabric studies of drumlins, laboratory 
deformation experiments conducted with this till provide a quantitative foundation for 
inferring strain magnitude, shearing direction, and shear-plane orientations from fabrics 
determined from principal directions of magnetic susceptibility (k1, k2, and k3).  Intact till 
samples were collected from transects in seven drumlins in Dane, Dodge, Jefferson, 
Waupaca, and Waushara counties of south-central Wisconsin, by both exploiting five 
existing outcrops and collecting 42 89 mm-diameter cores and sub-sampling them.  Overall, 
~2800 samples were collected for AMS analysis, and 112 AMS fabrics were computed. 
Much of the till sampled (84% of fabrics) has k1 fabric strengths weaker than the 
lower 95% confidence limit for till (S1< 0.82) sheared to moderate strains (~10), suggesting 
the till has been deformed but to strains too small to indicate that bed deformation was the 
principal till transport mechanism.   Three of five drumlins studied have k1 fabric orientations 
vi 
that are not symmetrically disposed about the local flow direction indicated by drumlins.  
Rather, these fabrics are oriented 7-25° to the southea st of the drumlin orientations, 
consistent with reinterpreted microfabric data collected from nearby drumlins (Evenson, 
1971).  Furthermore, in all drumlins, orientations of shear planes inferred from principal 
susceptibilities deviate markedly from the local surface slopes of drumlins, with a 23.8° 
average difference between the poles to inferred shear planes and to local slopes.  We infer 
that the drumlin fabric was set by basal till deformation during glacier flow to the southeast 
prior to drumlin formation and that drumlinization did not significantly reset the fabric. Thus, 
these drumlins are inferred to have been formed by differential erosion of a pre-existing till 
layer by processes unrelated to bed deformation. 
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Figure 1.1 – Photograph showing classic drumlin morphology.  Ice flow was left to right. 
CHAPTER 1 – INTRODUCTION 
Drumlins are elongate hills that form beneath ice sheets.  Drumlins usually occur in 
groups and consist of various materials such as till, outwash or other unconsolidated 
sediment.  A few drumlins have rock cores. The long axes of drumlins are parallel to the 
glacier flow direction.  Their steep, blunt ends point up-glacier, and their gentler sloping, 
elongate ends point down-glacier, although there can be major deviations from this classic 
shape (Figure 1.1) (Benn and Evans, 1998). 
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The origin of drumlins is of interest from diverse perspectives.  Drumlins are 
commonly found in formerly glaciated regions, and drumlin formation provides information 
about the basal conditions of former ice-sheets.  Current ice sheets are threatened by 
global warming; in order to best predict their behavior, models are produced, and drumlins 
can provide information about the subglacial conditions that affect how the basal boundary 
condition of ice sheet models should be formulated (Winguth et al, 2004).  Drumlins also 
potentially provide information on the process of basal sediment transport (Rose, 1989).  
Finally, despite drumlins being emblematic of glaciation, their genesis is arguably more 
enigmatic than that of any other glacial landform. 
1.1  Theories of Drumlin Formation 
Some authors have facetiously suggested that there are as many theories of drumlin 
formation as there are drumlins.  Of these theories, most include deformation of bed 
materials as the primary mechanism with varying degrees of deposition and erosion.  The 
controversial mega-flood model for drumlin formation (Shaw, 1983; Shaw et al., 1989) is not 
as well accepted (e.g., Benn and Evans, 2006). 
Patterson and Hooke (1995) reviewed published descriptions of drumlins around the 
world and tried to compare their characteristics to illuminate their formation, without 
postulating a theory.  They found that some characteristics were not important to drumlin 
formation because they varied widely among different drumlin fields, implying that drumlins 
will form regardless of these factors.  These factors included regional topography, material 
in drumlins, substrate lithology, and the thickness of unconsolidated substrate sediments. 
However, they found several characteristics that most drumlins share, and hence 
are potentially important in their formation.  Due to their location close to ice margins, 
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drumlins commonly form in the ablation zone and under relatively thin ice.  However, there 
seems to be a minimum thickness of ice for formation because there is a drumlin-free zone 
between the end moraine and the drumlin field; this drumlin-free zone ranges from 2-25 km 
in width.  Drumlin locations in the ablation zone indicate that the longitudinal strain rate is 
normally compressive and that the transverse strain rate is extensional.  In many drumlin 
fields a frozen ice-sheet margin was likely present, as indicated by paleoclimate 
reconstructions, ice thrust features, and areas of stagnation moraine.  Owing to the frozen 
toe, subglacial meltwater would not be able to easily escape along the bed surface, forcing 
groundwater flow and associated high pore-water pressure in the areas of drumlin 
formation.  An important statement made by Patterson and Hooke (1995) is 'no drumlin 
fields were found in areas where elevated pore water pressures would have been unlikely.'  
Also, drumlins likely form in the late stages of advance or the early stages of retreat of 
glaciers (Patterson and Hooke, 1995). 
Deformation of subglacial sediment figures prominently is most models of drumlin 
formation.  Deformation of sediment at the base of a glacier occurs when the effective 
pressure (glacier overburden pressure minus the subglacial pore-water pressure) becomes 
sufficiently low, and the grains of the sediment become buoyantly supported by the water. 
This decreases the shear strength of the sediment, allowing it to deform. The glacier then 
rides on the shearing sediment, which can account for much of the glacier’s movement 
(Alley et al, 1986; Alley et al, 1987; Alley, 1991; Clark, 1994), although measurements 
demonstrating this assertion are few (e.g., Boulton and Hindmarsh, 1987).  In till, the most 
common substrate material for soft-bedded glaciers, this deformation produces a fabric.  
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Till fabric refers to the preferred orientation of non-equant grains. Results from 
recent experiments (Hooyer and Iverson, 2000; Thomason and Iverson, 2006; Iverson et al, 
2008) show that non-equant particles will align parallel with flow and plunge 20-30° up-
glacier.  Once this fabric orientation is attained, it does not change.  These experiments 
indicate progressive preferential alignment with increasing shear strain until the degree of 
alignment reaches a maximum value that does not increase with further shear strain. The 
orientation of the alignment is the fabric direction, and the degree of alignment of particles is 
the fabric strength. 
A theory connecting subglacial sediment deformation and drumlin formation was 
proposed by Smalley and Unwin (1968) and is known as the dilatancy theory.  Dilatancy 
refers to the expansion of compact granular materials upon shearing—a process that 
requires higher shear stresses than shearing a granular material that is already dilated. The 
Smalley and Unwin model requires a thin layer of deforming till below the ice.  If effective 
stress is sufficiently small, this till will deform continuously.  However, if for whatever reason 
(e.g., a transient local reduction in pore-water pressure), the till stops deforming, it will lose 
its dilatancy, and not resume deformation unless a larger-than-normal shear stress is 
applied to it. The authors suggest that drumlins represent localized but random areas where 
the till has stopped deforming and thereby strengthened, forming an obstruction.  Adjacent 
deforming till flows around this obstruction, resulting in the streamlined drumlin form.  A 
similar, more comprehensive theory involving deforming sediments, but with less emphasis 
on sediment dilatancy, was introduced by Boulton (1987). 
Boulton (1987) described most thoroughly how drumlins might result from bed 
deformation, although many others have linked the two processes (Evenson, 1971; 
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Stanford and Mickelson, 1985; Hart, 1997; Menzies et al., 1997; Hindmarsh, 1998).  He 
suggested that stiffer or more resistant areas within a deforming bed will either not deform, 
or will deform at a slower rate than adjacent sediment. This process is illustrated in Figure 
1.2, which shows a glacier overriding sand and gravel outwash and deformation occurring 
around the stiffer area.  The outwash is more permeable, and therefore better drained, with 
lower pore-water pressure and higher shear strength. The areas in between are finer-
grained, less well drained, and therefore weaker, allowing for more deformation.  The 
deformation of the bed leads to the streamlining of the resistant bodies and forms drumlins.  
This is only one example of a well-drained core of a drumlin; hydrologic heterogeneity that 
leads to drumlins may be more subtle than that due to obvious grain-size heterogeneity. 
The competent mass that is not easily deformed is known as the core of the drumlin, 
and is surrounded by a thin weaker layer of till known as the carapace (Boulton, 1987).  In 
the previous example, the core would consist of outwash, and the fine-grained material 
would be the carapace.  The core may consist of weak rock, till, or other unconsolidated 
sediment.  By definition, the carapace is a deformation till, and both the core and carapace 
are assumed to behave as viscous fluids.  Boulton suggested that if the viscosity contrast 
between the core and carapace is small, the core will deform into a sheath fold, and the 
drumlin will be the surface expression of the fold (Figure 1.3a, b).  If the viscosity contrast is 
large, the core will remain undeformed and be blanketed by a thin carapace of deformation 
till.  The interface between a strong core and the carapace in the latter case represents an 
erosional surface.  Since Boulton’s model was published tills have been shown to behave as 
Coulomb (frictional) materials rather than viscous fluids (Kamb, 1991; Iverson et al., 1998; 
Tulaczyk et al., 2000). Nonetheless, contrasts in shearing resistance like those he invokes 
are possible. 
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Figure 1.2 - Hypothetical example of drumlin formation based on Boulton's bed-
deformation theory (1987).  (a) Initial distribution of glacial outwash that is 
overridden, (b) and (c) the progressive development of drumlins. Long black 
lines represent sediment flow lines (from Boulton, 1987). 
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Figure 1.3 – Internal drumlin structure with different viscosity contrasts between the 
carapace (A horizon) and the core (B horizon).  (a and b) Small viscosity contrast 
between the A and B horizons, resulting in a sheath folded core.  (c and d) Large 
viscosity contrast between A and B horizons; almost all deformation takes place in the 
A horizon and the A horizon truncates structures in the drumlin core (from Boulton, 
1987). 
B Horizon 
intersects 
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 To illustrate this theory, Boulton devised a model of sediment flow around a 
competent obstacle, which produced a drumlin form (1987).  As expected, the model 
predicts divergence in the flow lines of the deforming till near the nose of the drumlin, 
parallel flow lines on the flanks of the drumlin, and convergence on the lee side of the 
drumlin.  According to the model, there is a low-velocity zone up-glacier of the core, 
acceleration of sediment from the stoss side to the flanks, and deceleration on the lee side 
of the core. 
The basis of Boulton’s theory involves a study on deformation of till under 
Breidamerkurjokull in Iceland (Boulton and Hindmarsh, 1987).  In this study, markers were 
placed in till under the glacier, excavated at a later date and deformation profiles were 
obtained.  The upper 0.5 m of till was highly deformed, and this was termed the ‘A’ horizon. 
Strain rates of 10-55 yr -1 were observed in this horizon.  Beneath the ‘A’ horizon is the ‘B’ 
horizon, which is generally denser and coarser-grained than the above horizon.  There is 
little deformation in the ‘B’ horizon, and therefore very small strain rates (Figure 1.4).  In 
Boulton’s theory of drumlin formation, the ‘A’ horizon represents the deforming carapace, 
and the ‘B’ horizon is the stable core of a drumlin (Figure 1.3). 
Other studies have reached different conclusions.  A study of the Waukesha drumlin 
field of the Lake Michigan lobe, which is immediately adjacent to the drumlin field of this 
study but formed by a different ice lobe, led Whittecar and Mickelson (1977, 1979) to infer 
that the drumlins were formed as predominantly erosional features with little streamlining by 
deformation.  In multiple exposures, the till at the apex of the drumlin draped over the rest of 
the drumlin and cross-cut the tills and sedimentary structures at the core of the drumlin 
(Figure 1.5).  The authors suggested the inner, core tills were deposited at the time of the  
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Figure 1.4 – Cross-section under Breidamerkurjokull, Iceland, showing 
displacement of segmented rods by subglacial deformation.  From Benn, 
(1995) and adapted from Boulton and Hindmarsh (1987). 
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Figure 1.5 – Range of structures found within the Waukesha drumlins, showing 
cross-cutting relationships.  ‘Advance’ and ‘retreat’ tills are shown overlying stratified 
sediments.  Layer with triangles represents retreat till, layer containing circles, 
dashes, and dots represents advance till, and the remainder represent stratified 
sediments (from Whittecar and Mickelson, 1979). 
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glacier’s advance, with erosion shaping the drumlins during that time.  As the glacier 
retreated, a ‘retreat’ till was overlain unconformably on the ‘advance’ till.   
Stanford and Mickelson (1985) advanced a somewhat revised model of formation for 
the Waukesha drumlins.  They suggest that till flowed laterally into areas of low effective 
stress.  The evidence for lateral flow includes thicker till at the core of the drumlins relative 
to the margin and stone orientations that are perpendicular to the drumlin long axis.  Areas 
of low effective stress may have corresponded to zones where the ice was intensely 
crevassed, or thin.  The resultant formation of a thicker sediment column within the drumlin 
reduced deviatoric stresses in the till, and the flow ceased.  The till then provided a resistant 
obstruction, which was subsequently streamlined by remolding and erosion.  A ‘retreat’ 
basal till was deposited on top of the drumlins, and finally, during the final stages of ice 
retreat, a supraglacial till may have blanketed some of the drumlins. 
A study by Newman and Mickelson (1994) on the drumlins in Boston Harbor shows 
that these drumlins were formed by erosion of a weathered till deposited well before 
drumlinization.  A till was deposited prior to the Wisconsinan glaciation.  After retreat, this till 
developed a distinct, deep weathering profile.  During advance of ice in the Wisconsinan, 
drumlins were carved from this preexisting till, as indicated by differential erosion of the 
weathering profile; i.e., there is more erosion of the pre-Wisconsinan till on the stoss side 
and flanks of the drumlins than on the lee side and the apex.  An upper, Wisconsinan till 
drapes the drumlins and is thin at the crests of drumlins and thick on their flanks (Figure 
1.6). 
Other studies have arrived at similar conclusions.  Kerr and Eyles (2007) examined 
the stratigraphic relationships between two tills in the New York drumlin field across 10  
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Figure 1.6 – Interpreted cross-section of Boston Harbor drumlins (from Newman and 
Mickelson, 1994) from observations on their lee and stoss sides.  Numbers refer to 
stratigraphic units:  1.) Unoxidized, pre-Wisconsinan, basal till,  2.) oxidized, pre-
Wisconsinan, basal till; 3.)  late-Wisconsinan basal till; 4.)  interbedded sands and 
gravels; 5.)  supraglacial till.  Arrows represent ice flow direction. 
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outcrops. In all drumlins the lower till (Furnaceville) is overlain by a glaciolacustrine sand 
and then by another till (Somerset).  This sequence is seen in all studied outcrops, 
indicating that it was deposited and then eroded into the drumlin form.  A deformation till did 
not blanket the drumlins. 
Hart (1997) tried to unify theories of drumlin formation by proposing a genetic 
continuum involving deposition, deformation, and erosion.  On one end of the continuum are 
erosional drumlins: the core of the drumlin has little to do with the drumlin shape, as the 
surrounding sediment has been eroded and removed.  At the other end of the spectrum are 
depositional drumlins; these are mostly rock-cored, and form similarly to flutes: a rock-core 
will form a low-pressure ‘shadow’ in its lee, into which till will flow. Intermediate between 
erosional and depositional drumlins are deformational drumlins, with origins similar to those 
discussed by Boulton (1987).  Hart (1997) suggests that all drumlins form where there is a 
positive net sediment flux (i.e. more sediment is being transported out of a given area than 
is being brought into it), and that subglacial erosion will occur because of either a down-
glacier increase in ice-sheet velocity or a down-glacier decrease in subglacial sediment 
supply.   
A completely distinct hypothesis for drumlin formation is the megaflood theory 
(Shaw, 1983; Shaw et al., 1989).  The theory is that drumlins are formed after a subglacial 
megaflood occurs, leaving local scours in the sole of the ice sheet.  The proposed 
dimensions of the subglacial sheet flow are 10s of meters deep and up to 100 km wide.  
The scours resulting from these flows are thought to have eventually filled with sediment, 
creating drumlins.  The source of this sediment is thought to be from the waning stages of 
such floods, resulting in drumlin cores of stratified sand and gravel (Shaw, 1983; Shaw and 
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Kvill, 1984). This theory was expanded by suggesting that drumlins with a core of till can be 
explained by megafloods as well (Shaw et al., 1989).  In this expanded hypothesis, the flood 
excavates the sediment between drumlins with a till core, so drumlins are erosional 
remnants of a preexisting surface.  This is an example of an unfalsifiable hypothesis, 
because no matter what the evidence, the theory can be contrived to explain drumlin 
formation in terms of the megaflood.   
Benn and Evans (2006) discussed the flaws of the megaflood hypothesis.  One 
problem is that, despite the two very different proposed mechanisms of drumlin formation by 
megafloods, the two mechanisms result in no difference in drumlin morphology.  There is 
also no independent evidence for the huge discharges of water required for megafloods 
occurring beneath the former ice sheets.  Also, the scale of the proposed megafloods 
border on the absurd: a single megaflood would be enough to raise global sea level by 3.7 
m, which translates into half the mass of ice on Greenland today.  Finally, modern 
analogues suggest megafloods are not necessary to form streamlined subglacial landforms.  
For example, the extensively fluted forefield of Breidamerkurjokull, Iceland, did not form due 
to megafloods.  If megafloods are unnecessary for modern streamlined landforms, why are 
they invoked for similar landforms from the last glaciation? 
1.2  Madison Drumlin Field 
The Madison drumlin field was formed by the Green Bay Lobe (GBL) of the 
Laurentide Ice Sheet during the Wisconsinan, 14-18,000 years ago.  The field is comprised 
of over 5,000 drumlins, which occur behind the lobe’s end moraines (Figure 1.6) (Colgan 
and Mickelson, 1997). The length-to-width (LW) ratio of drumlins in this field varies with 
distance up-glacier: drumlins have LW ratios of 1.5-3.0 approximately 20 km from the  
15 
 
 
 
Figure 1.6 - Map showing extent of Green Bay Lobe, drumlins (solid black 
areas), and generalized locations of recessional moraines (dashed black 
lines).  Location of the Madison drumlin field is shown by the grey circle 
(modified from Borowiecka and Erickson, 1985). 
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Figure 1.7 – Part of Madison drumlin field showing increasing elongation 
ratio up-glacier (from Colgan and Mickelson, 1997). 
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 terminal moraine and gradually elongate up-glacier with LW ratios of 5-12 
approximately 60 km from the terminal moraine (Figure 1.7). 
A fabric study using both sand grains measured in thin section and gravel particles 
was completed on drumlins of the GBL by Evenson (1971) in Jefferson County, Wisconsin. 
The results of his fabric analyses indicated the major mode of fabrics was approximately 
parallel to long axes of drumlins, and plunged predominantly up-glacier.  From the fabric 
data, he concluded that the drumlins were formed by till shearing from high pressure areas 
in troughs between drumlins to low pressure areas along drumlin crests, although he stated 
that the relationship between the fabrics and the drumlin form is unclear. 
Borowiecka and Erickson (1985) studied the spatial characteristics of the Madison 
drumlin field and concluded they matched what would be expected from the dilatancy theory 
of drumlin genesis (Smalley and Unwin, 1968); there is a drumlin-free zone near the margin, 
a zone of high drumlin density up-glacier, and finally still farther up-glacier a zone of 
intermittent swarms of drumlins.  However, these authors concluded that the drumlins did 
not form randomly as suggested by Smalley and Unwin (1968); rather, they are clustered in 
bands parallel to ice flow. They also found that the shape and length of a drumlin was 
largely dependent on its location within the field; for instance, drumlins were more equant in 
areas of slow ice flow, and more elongate farther up-glacier where flow was presumed to be 
faster. These authors provide no mechanical basis for why drumlin elongation and glacier 
speed should be linked. 
A more in-depth study involving the Madison drumlin field and the GBL was 
completed by Colgan and Mickelson (1997).  The general attributes of the GBL were 
determined through field evidence and associated ice-surface reconstructions.  The 
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drumlins of the GBL formed during four phases, with the largest of the drumlin fields (the 
Madison field) forming during a still-stand of the GBL at its terminal, Johnstown position 
(Figure 1.8).  There is a drumlin-free zone 2-10 km behind the moraine associated with 
each phase.  During each drumlin-forming phase, reconstructions indicate the ice margin 
was steep (3-6°) and was either advancing or at a still- stand. The thickness of ice over the 
drumlin-forming areas was 200-600 m with average bed shear stresses of 15-25 kPa.  The 
Madison drumlin field occupied a zone of ice flow that was longitudinally compressive and 
was formed on a gentle adverse bed slope (Borowiecka and Erickson, 1985; Colgan and 
Mickelson, 1997).  During its maximum extent, the GBL advanced over an area of 
permafrost, which led to a frozen margin until about 14,000 years ago (Attig et al., 1989) 
and likely resulted in high pore-water pressure in the drumlin-forming area of the GBL.  
Owing to these elevated pore-water pressures, deformation of the bed may well have 
occurred.  Winguth et al. (2004) used a time-dependent two-dimensional ice-flow model to 
explore the development of the GBL and found that the Johnstown phase margin was stable 
for at least 1000 years, perhaps indicating the approximate period of drumlin formation.  
Colgan and Mickelson concluded that the drumlins of the Madison drumlin field 
formed by an erosional mechanism (1997), but from their evidence the exact mechanism is 
unknown.  In some drumlins, truncation of sediment is observed, which suggests erosion.  
There is also a layer of till that blankets many, but not all, of the drumlins of the GBL.  This 
till may be similar to the ‘retreat’ till of Whittecar and Mickelson (1979) of the nearby 
Waukesha drumlin field.  One sign of deformation includes rare drag folds in stratified 
deposits that indicate movement of sediment down-glacier and toward the drumlin axis.   
The Horicon Formation that comprises most of the drumlins is typically a calcareous, 
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Figure 1.8 – Reconstructions of the four phases of the GBL showing ice 
thickness in meters above present sea level.  The cross-sections show the 
drumlin forming zones and prominent end moraines.  From Colgan and 
Mickelson (1997). 
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yellowish-brown, stony, massive, sandy-loam till. The average texture is 72% sand, 17% silt, 
and 11% clay (Allan, 1967), although the grain-size distribution varies locally. This till is 
present over much of the area covered by the Green Bay Lobe, including the Madison 
drumlin field (Schneider, 1983).  Stratified sediments, such as outwash, form the cores of 
some drumlins (Alden, 1905), although none of the drumlins of this study contained 
stratified sediments or macroscopic structures that could be used to infer strain. 
1.3  Objectives 
The goal of this study was to evaluate the anisotropy of magnetic susceptibility 
(AMS) of the Horicon till within drumlins of the Madison field.  Fabric characteristics 
computed from AMS potentially provide information regarding the state of strain in the till 
(Shumway and Iverson, 2009; Thomason and Iverson, 2009). Answers were sought to the 
following questions: 
1)  What relationship, if any, exists between AMS fabrics and the forms of drumlins?  
For example, do fabrics diverge on the stoss sides of drumlins and converge on their 
lee sides as suggested by Boulton? 
2)  Is there evidence of Boulton’s carapace of deformation till? 
3)  Does supraglacial till blanket the drumlins, and, if so, to what extent? 
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CHAPTER 2 – METHODS 
 
This study focused on characterizing fabrics formed by the anisotropy of magnetic 
susceptibility (AMS) of Horicon till within selected drumlins of the Madison field.  Samples 
were collected at seven drumlins in Wisconsin by taking advantage of existing outcrops, a 
shallow coring method, and using the Wisconsin Geological and Natural History Survey’s 
drill rig for deep samples.  The AMS of each sample was measured at the University of 
Wisconsin.  Ring-shear experiments on Horicon till (Iverson et al., 2008) provided a basis 
for interpretation of the AMS results. 
2.1  Sampling Program 
 Samples were collected at seven drumlins in south-central Wisconsin (Figure 2.1 a-
c).  Drumlin 1 is located 1 km directly south of Lake Mills; Drumlin 2 lies 10 km west of 
Watertown; Drumlin 3 lies 2 km northeast of Watertown; Drumlin 4 lies 2 km east of 
Madison; Drumlin 5 lies 1 km north of Waupaca; Drumlin 6 lies 2 km south of West 
Bloomfield; Drumlin 7 lies 2 km north of Milford.  Samples were collected in mid-May 
through mid-August 2008, as well as in early November of 2008. 
Drumlins with contrasting elongation ratios were selected for sampling based on 
several criteria.  The drumlins selected were fairly symmetrical, with minimal evidence of 
post glacial modification by fluvial erosion or slope processes.  Drumlins with evidence of 
deep disturbance by agriculture or construction were avoided. To aid in the transportation of 
equipment, drumlins were selected with vehicle access.  Because most drumlins are on 
private land, targeted drumlins had as few landowners as possible to make organizing 
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Figure 2.1a – Map of sampling area.  The dark blue line represents the maximum extent of 
the Green Bay Lobe during the Last Glacial Maximum.  The green boxes represent drumlins 
sampled; the yellow star represents Madison, Wisconsin, and the yellow diamonds represent 
cities near sampled drumlins.  The distance from Madison to Lake Mills is 40 km. 
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Figure 2.1b 
Figure 2.1b – Digital elevation model and hillshade map of sampling area within the footprint of the 
Green Bay Lobe.  The black asterisks and numbers are the drumlins sampled, and white circles 
are cities.  Colors range from rusty red at high elevations to pink at low elevations.  The distance 
from Madison to Lake Mills is 40 km. 
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Figure 2.1c 
Figure 2.1c – Digital elevation model and hillshade map of the sampling area within the southern 
part of the footprint of the Green Bay Lobe.  The black asterisks and numbers are the drumlins 
sampled, and white circles represent cities.  Elevations are color-coded as in part b.  The distance 
from Madison to Lake Mills is 40 km. 
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access less burdensome. Ideally, vegetation did not restrict access to any part of a chosen 
drumlin.  After difficulties with the shallow coring sampling method arose and limited its 
usefulness, additional drumlins were selected based primarily on existing outcrops that 
could be sampled directly without coring. 
In Drumlins 2, 4, 5, 6, and 7, there were existing outcrops, which dictated the 
sampling strategy (Figure 2.2).  Vertical profiles were sampled at predominantly 1.0 m 
increments in Drumlins 2, 4, 5, and 7, and in 0.5 m increments in Drumlin 6 (Figure 2.3).  
Elevations spanned by the profiles varied from 1.0 to 7.0 m and were referenced to the 
drumlin surface.  Two profiles on the east and west flanks, as well as one profile in the 
center of Drumlin 2 were sampled; a profile on the east and west flanks, as well as two 
profiles near the center of Drumlin 4 were sampled.  At the other locations, only one profile 
was obtained owing to access and time limitations. 
To sample the existing outcrops, a level bench was dug into the undisturbed till. The 
elevation of the bench was determined using a Jacob’s staff, Brunton compass, and a tape 
measure. Twenty-five labeled plastic boxes (20 x 20 x 18 mm with one open side) were 
pressed into each bench at a known orientation.  The boxes were then excavated using a 
putty knife, capped, and put into a container for later magnetic analysis. 
In Drumlins 1 and 3, only shallow cores were collected, owing to the absence of 
outcrops (Figure 2.4).  A sampler was used to obtain intact samples of till.  The sampler 
consisted of steel tube, 0.91 m long with an inside diameter of 89 mm, a rigid plastic liner, a 
tube bit, and a drive head. The sampler was lowered, with a known orientation, to the base 
of a hand-augered hole that extended through the soil layer to avoid pedogenic disturbance 
of particles.  A gas-powered jackhammer was placed on the drive head and engaged,  
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Figure 2.2 – Topographic maps of 
drumlins sampled.  Orange bar 
represents orientation and extent 
of outcrop used for sampling.  a.)  
Drumlin 2, from USGS Richwood 
Quadrangle, 7.5 Minute Series.  
b.)  Drumlin 4, from USGS 
Madison East Quadrangle, 7.5 
Minute Series.  c.)  Drumlin 5, 
from USGS Waupaca 
Quadrangle, 7.5 Minute Series.  
d.)  Drumlin 6, from USGS Poy 
Sippi Quadrangle, 7.5 Minute 
Series.  e.)  Drumlin 7, from 
USGS Jefferson Quadrangle, 7.5 
Minute Series. 
Figure 2.3 (next page) – Photographs of sampled 
outcrops.  Orange bars represent locations and vertical 
extents of sampled profiles.  From top to bottom:  
Drumlin 2 looking south, Drumlin 4 looking northeast, 
Drumlin 5 looking south, and Drumlin 6 looking 
northwest.  A photograph of Drumlin 7 was not available. 
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Figure 2.4 – Drumlins sampled by shallow and 
deep coring.  Letters show where cores were 
collected.  a.)  Drumlin 1, from USGS Lake 
Mills Quadrangle, 7.5 Minute Series.  b.)  
Drumlin 3, from USGS Watertown 
Quadrangle, 7.5 Minute Series. 
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pushing the sampler into the till. When the sampler was inserted sufficiently into the till, the 
jackhammer was disengaged, and the sampler was removed from the hole with the aid of a 
truck jack and chains. The plastic liner was removed from the soil tube, capped at both ends 
to preserve till moisture, and marked to note the liner’s orientation when the sample was 
collected.  Deeper samples were obtained at several boreholes by attaching a 0.91 m 
extension to the sampler.  
Problems with the shallow coring method arose in the field, which limited the scope 
of this sampling method.  The Horicon till is fairly rocky, and once a large rock was 
encountered, the sampler stopped advancing into the till.  Also, central Wisconsin received 
record amounts of precipitation in the early summer of 2008, which caused widespread 
flooding, raising water tables to within 1-2 m of the surface of the drumlins.  The high water 
table caused the hand-augered boreholes to readily collapse and the till to slide out of the 
sampler during extraction. The maximum depths of samples were also limited by the fact 
that the sample barrel was extremely difficult to extract with an extension attached to it. 
In Drumlins 1 and 3, deeper samples were collected using the Wisconsin Geological 
and Natural History Survey drill rig.  A rod was attached to the top of the sampler, which 
was driven into the till with the aid of the pneumatic hammer on the drill rig.  The sampler 
was then extracted and processed in the same way as the shallower cores.  
The cores were sub-sampled by pushing labeled plastic boxes directly into the till at 
a single orientation referenced to the core orientation.  The uppermost 0.2 m of core was 
normally discarded due to disturbance during jackhammering that was greatest near the 
unconfined upper surface of the core.  The liner was cut horizontally at the level where sub-
sampling was to begin and was then stood on end.  The till was trimmed to provide a level 
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surface, into which the plastic boxes for magnetic analysis were inserted. A maximum of 
four plastic boxes fit within a single horizon within the core.  To minimize sampling of till that 
was potentially disturbed by the core walls, boxes were inserted greater than approximately 
5 mm from the liner walls.  The positions of the boxes were noted before they were 
extracted with a putty knife and spoon and capped.  The excess till was removed, the liner 
was cut to the new sampling level, and the process was repeated until 25 samples were 
obtained.  Samples were collected in 20 mm horizons, with a sufficient number of samples 
to compute a magnetic fabric (25) collected over a core length of ~ 0.25 m. 
2.2  Anisotropy of Magnetic Susceptibility Measurements 
 The anisotropy of magnetic susceptibility (AMS) of the samples was analyzed using 
the Geofyzika KLY-3S Kappabridge at the University of Wisconsin’s Department of Geology 
and Geophysics. 
 To measure AMS, each sample was subjected to a magnetic field of known strength 
in 15 orientations, and the induced field was measured in each case.  The magnetic 
susceptibility is the ratio between the applied and induced fields and varies with orientation 
because magnetic minerals are easier to magnetize in some orientations than in others. 
The overall anisotropy is expressed by the principal susceptibilities k1, k2, and k3 (Tarling 
and Hrouda, 1993) and is best visualized with an ellipsoid (Figure 2.5).   
In other tills in the Upper Midwest, silt-sized grains of magnetite that are 
preferentially oriented are responsible for AMS (Hooyer et al., 2008).  Unlike some 
ferromagnetic minerals, magnetite’s AMS is related to the shape of the grains, rather than 
to crystal axes, such that the maximum principal susceptibility (k1) is parallel to the preferred 
orientation of the long axes of non-equant grains.  Although the Horicon till has not been 
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Figure 2.5 – Anisotropy of magnetic susceptibility ellipsoid.  This ellipsoid can be used to 
visualize the AMS of a sample.  The orientation of k1 will be in the preferred orientation of 
the long axes of non-equant magnetite grains (Tarling and Hrouda, 1993). 
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 subjected to the heating/cooling and hysteresis experiments necessary to determine if 
magnetite is responsible for the till’s AMS (Hooyer et al., 2008), when the Horicon till is 
subjected to deformation, evolution of AMS fabric based on k1 orientations is nearly identical 
to that of tills with magnetite as their AMS carrier (Iverson et al., 2008). Therefore the 
magnetic carrier in the Horicon till is likely magnetite. For example, if the magnetic fabric in 
the Horicon till was controlled by hematite, then the fabric evolution would be conspicuously 
different than that of these other tills, since the AMS of hematite is determined by crystalline 
axes rather than grain axes.  
2.3  Data Presentation 
Principal directions of magnetic susceptibility were analyzed using the method of 
Mark (1973) and presented using standard methods from structural geology.  The 
orientations of maximum clustering of k1, k2, and k3 were characterized with a V1 
eigenvector.  The degree of clustering, or fabric strength, about V1 was characterized with 
an S1 eigenvalue.  Data were plotted on lower-hemisphere, equal-area stereoplots. 
2.4  Interpretation 
Ring-shear experiments with the Horicon till provided a foundation for interpreting 
the AMS data (Figure 2.6).  Results of these experiments allow some key aspects of till 
fabric to be correlated to strain magnitude and direction using AMS (Hooyer et al., 2008; 
Shumway and Iverson, 2009; Thomason and Iverson, 2009).  First, an increase in shear 
strain increases the fabric strength (defined by k1 orientations) at an exponentially 
decreasing rate until at a particular strain—called the critical strain (Iverson et al., 2008)—
the fabric strength  becomes steady with further strain.  For instance, the Horicon till  
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Figure 2.6  – Results from ring-shear experiments on the Horicon till showing fabric 
development as a function of shear strain.  The small pink squares represent individual 
k1 orientations, the large red squares represent the k1 eigenvector, the blue triangles 
represent k2 eigenvector, and the green circles represent k3 eigenvector.  Orange lines 
represent the 95% confidence interval.  Full data was not available for the experiment 
for a shear strain of ~4.  No k2 or k3 data are available for the experiment conducted to a 
strain of ~ 5; only k1 orientations (black squares) are plotted in that case (adapted from 
Iverson et al., 2008). 
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reached its maximum, steady-state fabric strength (S1 ~ 0.87), at a strain of ~10 (Iverson et 
al., 2008).   
These laboratory data also provide clear rules for interpreting orientations of 
principal susceptibilities for the case of simple shear and strains close to or in excess of the 
critical value: 
• The plane that contains k1 and k3 is the longitudinal flow plane, with k1 
pointing in the direction of shear.   
• The plane that contains k2, is normal to the longitudinal flow plane, and dips 
~28° down-glacier relative to k 1 is the shear plane.   
• k1 plunges ~28° up-glacier relative to the shear plane ( Thomason and 
Iverson, 2009).  This orientation is approximately normal to the most 
compressive principal stress during simple shear, assuming Coulomb 
behavior for the till (Iverson et al., 1998).  
The last of these rules implies that k1 would also tend to align normal to the most 
compressive principal stress during pure shear, assuming sufficient strain.  Overall, AMS 
provides a more powerful tool for inferring till deformation kinematics than more traditional 
clast-fabric methods that rely on inferences uninformed by experiments and that extract no 
information from the intermediate and short axes of clasts. 
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CHAPTER 3 – RESULTS 
 
 Table 3.1 provides a summary of the statistics of AMS fabrics measured in this 
study.  The total number of samples obtained was ~2800, resulting in 112 fabric 
determinations.  Drumlins 1-3 were the most intensely sampled, with an average of 27 
fabrics obtained at each.  Of particular interest in considering fabric statistics is the k1 fabric 
strength (S1), as an indicator of strain magnitude, and the k1 fabric orientation, as an 
indicator of local ice-flow direction.  Moreover, the orientations of all the principal 
susceptibilities provide an indicator of shear-plane orientation, assuming simple shear 
dominated the state of strain. 
3.1  AMS Fabric Strengths 
 Fabric strengths, as indicated by S1 values, varied from very weak (S1 = 0.42) to 
strong (S1 = 0.92).  Figure 3.1 shows representative stereoplots across most of this range.  
The average S1 eigenvalue was 0.67 (Figure 3.2), although the distribution of eigenvalues 
was weakly bimodal, with maxima at S1=0.60-0.65 and S1=0.75-0.80. The average S1 
eigenvalue for a similar study of the Douglas till—clay-rich, subglacially mobilized lake 
sediment in northwestern Wisconsin (Johnson, 1983)—was much larger: 0.85 (Shumway 
and Iverson, 2009). Fabric strengths in ring-shear experiments on the Horicon till increased 
with strain magnitude from 0.54 to ~ 0.87 (Iverson et al., 2008).  Eighty-four percent of 
drumlin fabrics had values of S1< 0.82, which is below the 95% confidence interval for the 
Horicon till sheared to strains greater than ~ 10 in ring-shear tests (Figure 2.6). 
 There was no systematic variation in k1 fabric strength from one drumlin to another 
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Drumlin Depth (m) S1 V1 trend V1 plunge V1 trend V1 plunge V1 trend V1 plunge
1-a 1.37-1.51 0.92 1 39 95 6 192 52
1-a 1.53-1.67 0.80 5 41 96 1 185 50
1-b 1.4-1.57 0.75 35 33 296 8 209 56
1-c 1.6-1.72 0.69 72 25 169 15 295 61
1-c 1.74-1.9 0.87 72 31 168 16 280 60
1-d 0.90-1.06 0.46 73 15
1-d 1.08-1.26 0.59 27 30 118 8 186 63
1-d 1.79-1.93 0.62 266 35 180 20 55 56
1-d 1.95-2.11 0.78 271 32 174 10 72 57
1-e 1.45-1.6 0.45 209 10
1-e 1.62-1.73 0.61 359 13 261 13 138 70
1-f 1.45-1.6 0.60 24 22 120 1 210 67
1-g 1.36-1.59 0.52 344 17
1-g 2.8-2.96 0.68 33 15 306 4 181 73
1-g 2.99-3.17 0.83 7 14 271 21 131 64
1-g 3.7-3.9 0.84 320 28 220 20 99 55
1-g 4.27-4.59 0.89 25 21 115 2 211 69
1-h 1.4-1.59 0.77 39 26 136 2 233 64
1-h 2.81-3.0 0.52 258 7
1-h 2.99-3.17 0.75 24 22 126 31 255 48
1-i 1.4-1.56 0.65 199 7 113 1 3 81
1-j 3.11-3.48 0.64 15 25 107 4 191 68
1-k 1.56-1.73 0.57 18 25 275 5 181 64
1-l 1.5-1.76 0.55 352 8
1-l 2.95-3.13 0.71 23 12 282 21 135 62
1-l 4.16-4.34 0.65 40 11 296 10 217 80
1-m 1.35-1.59 0.52 23 29
1-n 1.32-1.51 0.55 17 8
1-n 1.53-1.67 0.68 10 21 96 4 206 70
2-a 1.5 0.65 35 10 125 25 232 80
2-a 2 0.53 121 5
2-a 3 0.71 327 17 231 10 119 77
2-a 4 0.76 319 23 56 18 180 63
2-b 1 0.56 49 6
2-b 1.5 0.56 218 2
2-b 2 0.56 165 11
2-b 3 0.72 316 21 227 1 131 67
k2 k3k1
 
Table 3.1 - AMS data. Each fabric statistic is based on 25 or more samples.  For eigenvalues 
less than 0.57, k2 and k3 eigenvectors are not shown. 
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Drumlin Depth (m) S1 V1 trend V1 plunge V1 trend V1 plunge V1 trend V1 plunge
2-b 4 0.80 316 12 46 1 161 75
2-b 5 0.63 297 20 48 32 181 57
2-b 6 0.73 334 6 62 3 137 81
2-c 1 0.70 35 16 128 19 250 66
2-c 1.5 0.71 14 32 113 11 230 57
2-c 2 0.83 341 29 248 5 151 63
2-c 3 0.79 352 8 87 18 237 70
2-c 4 0.76 351 11 85 12 227 73
2-c 5 0.90 356 12 88 17 228 71
2-c 6 0.77 346 6 81 9 212 80
2-c 7 0.78 2 7 91 3 158 81
2-d 2.5 0.61 337 27 61 2 148 64
2-d 3 0.58 325 21 251 15 84 67
2-d 4 0.84 354 18 88 11 202 67
2-d 5 0.81 13 37 106 4 198 55
2-e 1 0.77 354 19 88 20 208 59
2-e 2 0.85 6 23 99 6 202 63
2-e 3 0.67 360 27 266 14 157 56
2-e 4 0.66 341 14 76 7 199 69
3-a 0.87-1.05 0.53 206 6
3-b 0.95-1.11 0.63 245 26 108 32 349 11
3-b 1.14-1.3 0.75 249 29 92 56 338 3
3-c 0.93-1.11 0.53 105 5
3-c 1.18-1.38 0.45 93 24
3-d 1.10-1.43 0.47 242 69
3-e 1.0-1.37 0.43 49 22
3-e 1.37-1.58 0.78 343 1 257 4 90 85
3-f 0.65-0.82 0.44 354 78
3-f 0.9-1.33 0.43 316 9
3-f 1.55-1.83 0.58 323 41 62 11 169 46
3-g 1.05-1.35 0.50 30 67
3-g 1.4-1.7 0.44 82 11
3-h 0.95-1.10 0.49 273 9
3-i 0.98-1.20 0.55 321 26
3-j 0.62-0.85 0.52 304 31
3-k 0.93-1.04 0.83 130 6 41 20 229 70
3-k 1.20-1.34 0.45 91 5
3-k 3.22-3.4 0.71 269 12 5 17 162 71
k1 k2 k3
Table 3.1 continued. 
38 
 
Drumlin Depth (m) S1 V1 trend V1 plunge V1 trend V1 plunge V1 trend V1 plunge
3-k 3.42-3.61 0.77 267 10 5 23 154 63
3-k 6.15-6.32 0.73 285 4 15 2 224 82
3-k 6.34-6.59 0.64 314 23 32 19 169 63
3-l 0.98-1.16 0.48 76 2
3-m 0.88-1.07 0.64 4 58 118 13 217 38
3-m 1.1-1.31 0.42 30 32
4-a 1.5 0.77 61 32 319 20 196 52
4-a 2 0.73 44 28 290 24 168 45
4-a 3 0.92 44 30 294 32 166 45
4-a 4 0.83 32 30 282 34 155 41
4-a 5 0.80 41 29 294 29 170 46
4-a 6 0.90 33 15 279 53 132 30
4-b 0.5 0.84 31 24 286 34 146 47
4-b 1.5 0.82 24 21 292 2 196 70
4-b 2.5 0.86 28 19 288 4 262 57
4-b 3.5 0.77 17 21 287 11 176 66
4-c 2 0.66 134 12 238 10 215 88
4-c 3 0.91 97 19 5 4 263 71
4-c 4 0.78 67 24 162 14 282 64
4-d 1 0.54 216 5
4-d 2 0.57 57 20 321 8 189 78
4-d 3 0.56 79 6
5-a 3 0.55 65 32
5-a 4 0.76 11 20 106 16 232 67
5-a 5 0.70 48 34 295 23 180 44
5-b 1 0.57 271 24 337 8 106 64
5-b 1.5 0.54 104 3
5-b 2 0.63 226 13 130 6 15 72
6-a 4 0.78 104 1 10 17 191 74
6-a 4.5 0.70 100 7 5 2 257 78
6-a 5 0.72 86 18 351 6 237 66
6-a 5.5 0.75 97 11 190 13 332 70
6-a 6 0.72 97 8 2 15 227 71
7-a 1 0.77 32 17 303 2 202 73
7-a 2 0.85 4 21 93 1 187 68
7-b 1 0.64 352 11 260 9 157 84
7-b 2 0.77 13 29 107 9 207 59
k1 k2 k3
  
Table 3.1 continued. 
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Figure 3.1 – Lower-hemisphere stereoplots of AMS fabrics over a representative range of k1 
fabric strength, as given by S1.  The small pink squares represent individual k1 orientations, the 
large red squares represent the k1 eigenvector, the blue triangles represent the k2 eigenvector, 
and the green circles represent the k3 eigenvector. 
Figure 3.2 – Histogram of k1 fabric strength, as given by S1, for all samples. 
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or across individual drumlins, but there was some systematic variation with depth.  There 
were no very weak fabrics (S1 ≤ 0.50) at depths greater than 1.6 m, and no weak fabrics (S1 
< 0.57) at depths greater than 3 m (Figure 3.3).  At various locations, there was a tendency 
for S1 to increase with depth, although there were a few profiles where the opposite was 
true (Figure 3.4). 
 Possibly relevant to the tendency for fabric strength reduction upward is a faint stone 
line visible in the largest cross-sectional drumlin exposure (Drumlin 2).  As seen in Figure 
3.5, the till above the stone line was thinnest near the crest of the drumlin and became 
thicker toward its flanks. Two of the fabrics above this stone line (2-a 1.5-2.0 m, 2-b 1.0-2.0 
m) were weak (S1 =0.56), with the third one, 2-a, only slightly stronger S1 =0.65 (Table 3.1).  
A stone line was not visible in the other drumlins with exposed cross-sections. 
3.2  AMS Fabric Orientations 
 Figures 3.6-3.12 depict AMS fabric orientations and information regarding shear 
kinematics that can be derived from these orientations.  Only fabrics that were sufficiently 
strong (S1 ≥ 0.57, Figure 3.3) were considered to have directional value.   AMS data are 
plotted on lower-hemisphere, equal-area stereoplots with individual k1 orientations (pink 
squares) and the eigenvectors of k1, k2, and k3 (red square, blue triangle, and green circle, 
respectively).  Adjacent to these stereoplots are fabric statistics: S1 is the fabric strength 
computed from k1 orientations, V1 is the trend and plunge of the eigenvector computed from 
k1 orientations, n is the number of samples analyzed, and V1 rotated is the trend and plunge of 
the inferred shearing orientation as obtained by rotating the k1 eigenvector as described 
later in this text.  
 A second stereoplot is also shown for each fabric, which illustrates the orientation of
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Figure 3.3 – Fabric strength (S1) versus depth for all samples.  The dark line is an 
S1 value of 0.57.  Values of 0.57 or above were considered to have directional 
significance. 
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Figure 3.4 – Fabric strength (S1) versus depth at specific locations in drumlins.  The number in 
the upper-right hand corner of a plot is the drumlin number.  Profile labels correspond to those of 
Table 3.1. 
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Figure 3.5 – The transverse, road-cut exposure at Drumlin 2.  Stone line is marked by 
red arrows.  View is to the southeast. 
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Figure 3.6 - Drumlin 1 fabric data.  Sampling sites are referenced to the inset map.   In the lower-
hemisphere, equal-area stereoplots, the small pink squares represent individual k1 orientations, 
the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 orientations, 
and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and V1 are the 
eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, respectively.  
The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after their rotation 
about V1 of the k2 orientations.  In the derived-data column, orientations of the inferred shear plane 
and local surface slope are shown in orange and green great circles, respectively, and V1 of the k1 
orientations after rotation is represented by the large red square.  
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Figure 3.6 continued 
Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data
1-g 2.80-
2.96
S1=0.68
V1=33,15
n=25
V1 rotated:
211,13
1-i 1.40-
1.56
S1=0.65
V1=199,7
n=25
V1 rotated:
18,21
1-g 2.99-
3.17
S1=0.83
V1=7,14
n=25
V1 rotated:
177,12
1-j 3.11-
3.48
S1=0.64
V1=15,25
n=25
V1 rotated:
197,3
1-g 3.70-
3.90
S1=0.84
V1=320,28
n=25
V1 rotated:
310,2
1-k 1.56-
1.73
S1=0.57
V1=18,25
n=35
V1 rotated:
194,2
1-g 4.27-
4.59
S1=0.89
V1=25,21
n=25
V1 rotated:
206,7
1-l 2.95-
3.13
S1=0.71
V1=23,12
n=25
V1 rotated:
193,14
1-h 1.40-
1.59
S1=0.77
V1=39,26
n=25
V1 rotated:
221,2
1-l 4.16-
4.34
S1=0.65
V1=40,11
n=25
V1 rotated:
215,16
1-h 2.99-
3.17
S1=0.75
V1=24,22
n=25
V1 rotated:
219,2
1-n 1.53-
1.67
S1=0.68
V1=10,21
n=25
V1 rotated:
192,7
 
  
 
 
 
46 
 
Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data
2-a 1.5 S1=0.65
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133,3
2-a 3 S1=0.71
V1=327,17
n=25
V1 rotated:
142,11
2-b 6 S1=0.73
V1=334,6
n=25
V1 rotated:
156,22
2-a 4 S1=0.76
V1=319,23
n=25
V1 rotated:
148,4
2-c 1 S1=0.70
V1=35,16
n=25
V1 rotated:
224,10
2-b 3 S1=0.72
V1=316,21
n=25
V1 rotated:
136,7
2-c 1.5 S1=0.71
V1=14,32
n=24
V1 rotated:
20,5
2-b 4 S1=0.80
V1=316,12
n=25
V1 rotated:
137,16
2-c 2 S1=0.83
V1=341,29
n=25
V1 rotated:
338,1
a
e
d
c
b
Figure 3.7 - Drumlin 2 fabric data.  Sampling sites are referenced to the inset photograph.   In the 
lower-hemisphere, equal-area stereoplots, the small pink squares represent individual k1 
orientations, the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 
orientations, and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and 
V1 are the eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, 
respectively.  The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after 
their rotation about V1 of the k2 orientations.  In the derived-data column, orientations of the 
inferred shear plane and local surface slope are shown in orange and green great circles, 
respectively, and V1 of the k1 orientations after rotation is represented by the large red square.  
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2-c 3 S1=0.79
V1=352,8
n=25
V1 rotated:
180,19
2-d 3 S1=0.58
V1=325,21
n=25
V1 rotated:
139,5
2-c 4 S1=0.76
V1=351,11
n=25
V1 rotated:
177,16
2-d 4 S1=0.84
V1=354,18
n=25
V1 rotated:
179,9
2-c 5 S1=0.90
V1=356,12
n=24
V1 rotated:
184,15
2-d 5 S1=0.81
V1=13,37
n=25
V1 rotated:
15,9
2-c 6 S1=0.77
V1=346,6
n=25
V1 rotated:
170,22
2-e 1 S1=0.77
V1=354,19
n=25
V1 rotated:
184,7
2-c 7 S1=0.78
V1=2,7
n=24
V1 rotated:
184,21
2-e 2 S1=0.85
V1=6,23
n=24
V1 rotated:
189,5
2-d 2.5
S1=0.61
V1=337,27
n=25
V1 rotated:
157,1
2-e 3
S1=0.67
V1=360,27
n=23
V1 rotated:
173,0
2-e 4
S1=0.66
V1=341,14
n=25
V1 rotated:
164,14
Figure 3.6 continued 
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3-b 0.95-
1.11
S1=0.63
V1=245,26
n=25
V1 rotated:
226,7
3-b 1.14-
1.3
S1=0.75
V1=249,29
n=25
V1 rotated:
281,31
3-e 1.37-
1.58
S1=0.78
V1=343,1
n=26
V1 rotated:
160,27
3-f 1.55-
1.83
S1=0.58
V1=323,41
n=25
V1 rotated:
330,14
3-k 0.93-
1.04
S1=0.83
V1=130,6
n=25
V1 rotated:
140,32
3-k 3.22-
3.4
S1=0.71
V1=269,12
n=25
V1 rotated:
258,38
3-k 3.42-
3.61
S1=0.77
V1=267,10
n=25
V1 rotated:
98,16
3-k 6.15-
6.32
S1=0.73
V1=285,4
n=25
V1 rotated:
284,32
3-k 6.34-
6.59
S1=0.64
V1=314,23
n=25
V1 rotated:
142,2
3-m 0.88-
1.07
S1=0.64
V1=4,58
n=25
V1 rotated:
18,32
b
k
m
fe
1 km
Figure 3.8 - Drumlin 3 fabric data.  Sampling 
sites are referenced to the inset map.   In the 
lower-hemisphere, equal-area stereoplots, the 
small pink squares represent individual k1 
orientations, the large red squares are V1 of the 
k1 orientations, the blue triangles are V1 of the k2 
orientations, and the green circles are V1 of the 
k3 orientations.  In the fabric-stats column, S1 
and V1 are the eigenvalue and eigenvector 
(azimuth and plunge in degrees) of the k1 
orientations, respectively.  The number of 
samples is given by n.  V1 rotated represents V1 of 
k1 orientations after their rotation about V1 of the 
k2 orientations.  In the derived-data column, 
orientations of the inferred shear plane and local 
surface slope are shown in orange and green 
great circles, respectively, and V1 of the k1 
orientations after rotation is represented by the 
large red square.  
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4-a 1.5 S1=0.77
V1=61,32
n=25
V1 rotated:
50,6
4-b 1.5 S1=0.82
V1=24,21
n=25
V1 rotated:
203,7
4-a 2 S1=0.73
V1=44,28
n=25
V1 rotated:
30,4
4-b 2.5 S1=0.86
V1=28,19
n=25
V1 rotated:
206,9
4-a 3 S1=0.92
V1=44,30
n=25
V1 rotated:
27,7
4-b 3.5 S1=0.77
V1=17,21
n=25
V1 rotated:
192,6
4-a 4 S1=0.83
V1=32,30
n=25
V1 rotated:
15,7
4-c 2 S1=0.66
V1=134,12
n=25
V1 rotated:
125,38
4-a 5 S1=0.80
V1=41,29
n=25
V1 rotated:
26,5
4-c 3 S1=0.91
V1=97,19
n=25
V1 rotated:
275,9
4-a 6 S1=0.90
V1=33,15
n=25
V1 rotated:
190,1
4-c 4 S1=0.78
V1=67,24
n=25
V1 rotated:
254,3
4-b 0.5 S1=0.84
V1=31,24
n=25
V1 rotated:
15,1
4-d 2 S1=0.57
V1=57,20
n=25
V1 rotated:
233,8
a b cd
Figure 3.9 - Drumlin 4 fabric data.  Sampling sites are referenced to the inset photograph.   In the 
lower-hemisphere, equal-area stereoplots, the small pink squares represent individual k1 
orientations, the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 
orientations, and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and 
V1 are the eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, 
respectively.  The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after 
their rotation about V1 of the k2 orientations.  In the derived-data column, orientations of the 
inferred shear plane and local surface slope are shown in orange and green great circles, 
respectively, and V1 of the k1 orientations after rotation is represented by the large red square.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data
5-a 4 S1=0.76
V1=11,20
n=25
V1 rotated:
199,7
5-b 1 S1=0.57
V1=271,24
n=25
V1 rotated:
276,49
5-a 5 S1=0.70
V1=48,34
n=25
V1 rotated:
34,9
5-b 2 S1=0.63
V1=226,13
n=25
V1 rotated:
231,41
ab
Figure 3.10 - Drumlin 5 fabric data.  Sampling sites are referenced to the inset photograph.   In the 
lower-hemisphere, equal-area stereoplots, the small pink squares represent individual k1 
orientations, the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 
orientations, and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and 
V1 are the eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, 
respectively.  The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after 
their rotation about V1 of the k2 orientations.  In the derived-data column, orientations of the 
inferred shear plane and local surface slope are shown in orange and green great circles, 
respectively, and V1 of the k1 orientations after rotation is represented by the large red square.  
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Figure 3.11 - Drumlin 6 fabric data.  Sampling sites are referenced to the inset photograph.   In the 
lower-hemisphere, equal-area stereoplots, the small pink squares represent individual k1 
orientations, the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 
orientations, and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and 
V1 are the eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, 
respectively.  The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after 
their rotation about V1 of the k2 orientations.  In the derived-data column, orientations of the 
inferred shear plane and local surface slope are shown in orange and green great circles, 
respectively, and V1 of the k1 orientations after rotation is represented by the large red square.  
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6-a 4 S1=0.78
V1=104,1
n=25
V1 rotated:
276,26
6-a 5.5 S1=0.75
V1=97,11
n=25
V1 rotated:
283,16
6-a 4.5 S1=0.70
V1=100,7
n=25
V1 rotated:
279,21
6-a 6 S1=0.72
V1=97,8
n=25
V1 rotated:
270,19
6-a 5 S1=0.72
V1=86,18
n=25
V1 rotated:
263,10
a
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Figure 3.12 - Drumlin 7 fabric data.  Sampling sites are referenced to the inset map.   In the lower-
hemisphere, equal-area stereoplots, the small pink squares represent individual k1 orientations, 
the large red squares are V1 of the k1 orientations, the blue triangles are V1 of the k2 orientations, 
and the green circles are V1 of the k3 orientations.  In the fabric-stats column, S1 and V1 are the 
eigenvalue and eigenvector (azimuth and plunge in degrees) of the k1 orientations, respectively.  
The number of samples is given by n.  V1 rotated represents V1 of k1 orientations after their rotation 
about V1 of the k2 orientations.  In the derived-data column, orientations of the inferred shear plane 
and local surface slope are shown in orange and green great circles, respectively, and V1 of the k1 
orientations after rotation is represented by the large red square.  
Drumlin Depth AMS Data
Fabric 
Stats
Derived 
Data
7-a 1 S1=0.77
V1=32,17
n=25
V1 rotated:
211,11
7-a 2 S1=0.85
V1=4,21
n=25
V1 rotated:
184,7
7-b 1 S1=0.64
V1=352,11
n=25
V1 rotated:
168,17
7-b 2 S1=0.77
V1=13,29
n=24
V1 rotated:
18,1
a b
1 km
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the inferred shear plane and shear direction.  In laboratory ring-shear experiments, V1-
based k1 orientations were found to plunge an average of 28° “up-glacier” relative to the 
known shear plane, whereas the eigenvector based on k2 orientations was normal to that of 
k1 orientations and contained within the shear plane (Iverson et al., 2008).  Thus, to 
determine shear-plane orientations from these fabrics, the eigenvector based on k1 
orientations was rotated 28° down-glacier around the e igenvector based on k2 orientations. 
The great circle that contained the rotated k1 eigenvector and the k2 eigenvector was the 
resolved shear plane.  In the second stereoplot for each fabric, green great circles 
represent the local drumlin surface slope, the orange great circles represent the resolved 
shear plane orientation, and the pink squares represent the k1 eigenvectors after their 
rotation—commensurate with the shearing direction.  
Of principal interest in fabric development is drumlin shape and orientation and the 
local topographic slope.  Drumlin 1 has a small aspect ratio of ~1.7.  Local drumlin axes 
trend S23°W.  The V 1 eigenvector, based on the rotated k1-based eigenvectors of all of the 
fabrics in the drumlin with S1 ≥ 0.57, is 1° to the west of local drumlin long axes (Fi gure 
3.13).  Thus, the fabric orientation is symmetric about local drumlin long axes. The inferred 
local azimuths of till shearing direction (from rotated k1-based eigenvectors) are shown in 
Figure 3.14.  Most shear azimuths are at an acute angle to the contours of the drumlin (e.g., 
a and b), although some parallel the contours (e.g., c and f).  Most resolved shear planes 
are near horizontal, regardless of the sampling position on the drumlin (Figure 3.6).  Two 
shear planes with anomalous orientations were measured on the up-glacier nose of the 
drumlin (1-d) at depths of 1.79-1.93 m and 1.95-2.11 m, where the shear planes dip ~60° to 
the west (Figure 3.6).  There are obvious differences between inferred orientations of shear 
planes and local surface slopes; for instance, the shear plane of 1-e is dipping to the  
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Figure 3.13 – 2-sigma Kamb contours of eigenvectors 
(azimuth and plunge in degrees) of the rotated k1 
orientations of the seven drumlins.  The drumlin number is 
to the upper-left of the stereoplots.  Arrows represent the 
orientations of local drumlin long axes.  V1 is the 
eigenvector (azimuth and plunge) of the eigenvectors 
based on rotated k1 orientations and S1 is the eigenvalue of 
the eigenvectors based on rotated k1 orientations. 
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Figure 3.14 – Drumlins 1 and 3 with 
inferred local directions of till shear 
(arrows) from eigenvectors based on k1 
orientations. 
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southwest at an angle greater than 10°, whereas the sur face is dipping to the northeast at a 
small angle (Figure 3.6).  To quantify the difference between the shear-plane and local 
surface orientations, the poles to these planes were determined for both, and the 
differences in angle between the poles were calculated.  Of the 22 fabrics, half of them 
have a difference between the poles of 16° or greater  (Figure 3.15a, blue bars).  The 
average difference between poles is 19.3°, although th is average decreases to 14.9° if the 
anomalous values of 63° and 64° from the drumlin nose are not considered. 
 Less area of Drumlin 2 was sampled than of Drumlin 1, owing to the unusually 
stoney till of Drumlin 2 that prevented coring, but there was better depth coverage due to a 
road-cut across the drumlin width (Figure 3.7).   Rotated k1 fabrics yield an eigenvector that 
lies 25° to the east of the drumlin’s long axis, which t rends 14° SW (Figures 3.7 and 3.13), 
so in this case k1 fabrics are not symmetrically disposed about the drumlin axis.  In 
considering k1 fabric trends by location across the drumlin width, there was a small 
difference of ~5° between the local contour orientatio ns and rotated k1 fabrics for the center 
and eastern flank. However, there was a significant difference of 50° between the rotated k 1 
fabrics and the local contour orientations on the western flank (Figure 3.16).  In all three 
locations, k1 fabrics plot to the west of the local contour orientations. Also, on the western 
flank, one of the k1 fabric orientations trends 215° SW (2-a, Figure 3.7),  which was 
measured at 1.5 m depth and above the aforementioned stone line, whereas all fabrics 
deeper in the two western profiles trend to the southwest. As was true for Drumlin 1, 
significant differences are observed between inferred shear-plane orientations and local 
surface slope; for example, at 2-b planes tangent to the ground surface dip to the west, but 
the majority of shear planes dip to  the east to south-east (Figure 3.7).  Of the 23 fabrics, 
65% have a difference between the poles to these planes of 16° or greater, with an average 
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of 20.3° (Figure 3.15a, red bars). 
 Twenty-five fabrics were measured from Drumlin 3, but unfortunately only 40% (10 
of 25) of the fabrics were sufficiently strong (S1 ≥ 0.57) to have their orientations considered 
(Figure 3.8). The average depth of sampling (1.1 m) was small due to a high water table 
that prevented retention of till in the core barrel.   Unlike fabric data from the other drumlins, 
there is no clustering of rotated k1 fabrics (Figure 3.13). The inferred local shearing direction 
is at a significant angle to the local contours of the drumlin at almost all locations (Figure 
3.14).   Of the 10 strong fabrics, angles between poles to inferred shear planes and those to 
the local slope of the drumlin surface are greater than 16°, with an average of 38°; this is 
the largest average deviation between shear-plane orientation and topographic slope for 
any of the drumlins (Figure 3.15b, blue bars).   
 The most striking feature of the fabrics of Drumlin 4, collected from a transverse 
exposure at the down-glacier end of the drumlin (Figure 2.2b), is the consistency among the 
fabrics of the two longest vertical profiles (a and b) (Figure 3.9).  Considering these fabrics 
alone yields a highly clustered (S1=0.95) set of k1 orientations with an eigenvector 13° 
southeast of the drumlin orientation (S37°W). Includin g all fabrics, clustering of inferred 
shearing orientations is weaker (S1=0.78) and only 7° southeast of the drumlin orientati on 
(Figure 3.13). Although in many cases, inferred shear planes dip in the same direction as 
the local surface slope, shear planes generally dip more steeply than the drumlin surface 
(Figure 3.9, 4-a and 4-b).  The differences between poles to inferred shear planes and pole 
to the local drumlin surface are larger than 16° for 6 4% of the fabrics (Figure 3.15b, red 
bars).  The average of the difference between poles is 21.1°.   
 Far fewer fabrics were measured at Drumlins 5-7.  On Drumlin 5, which trends 
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a. 
Figure 3.15 – Histograms showing great-circle angles between poles to drumlin surfaces and 
those to inferred shear planes for a) Drumlins 1-2; b) Drumlins 3-7; and c) all drumlins. 
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Contour: 189 
V1: 184, 13 
S1: 0.88 
Contour: 193 
V1: 143, 11 
S1: 0.83 
Contour: 179 
V1: 173, 4 
S1:  0.90 
Western Eastern Center 
Figure 3.16 – 2-sigma Kamb contours eigenvectors based on rotated k1 orientations of Drumlin 2 
on its western, center, and eastern flanks.  The arrows represent the local contour orientation, V1 
is the eigenvector (azimuth and plunge) of the eigenvectors based on rotated k1 orientations, and 
S1 is the eigenvalue of the eigenvectors based on rotated k1 orientations. 
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due west, the rotated eigenvector based on k1 orientations was 48° southeast of the drumlin 
axis, but this trend is based on only four fabrics (Figure 3.13).  There is little relation 
between the inferred shear planes and local surface slopes: all of the differences between 
their poles at the two sampling locations are greater than 21°, and the average is 36.5° 
(Figure 3.15b, green bars). Fabrics of Drumlin 6 are very uniform.  Fabric strengths vary 
minimally (0.70-0.78), rotated k1 fabrics form a very tight group (S1 = 0.98), and the 
eigenvector is only 3° from the drumlin axis orientati on (7° NW) (Figure 3.13).  Again there 
is no compelling correlation between inferred shear planes and local surface slopes (Figure 
3.11): all of the differences between poles are greater than 21°, and the average difference 
is 32.5° (Figure 3.15b, purple bars). Four fabrics were  measured at the up-glacier end of 
Drumlin 7.  The k1 fabrics cluster fairly tightly at 14° from the drumlin  axis (25° SW) (Figure 
3.13).  Inferred shear planes are close to horizontal but dip in different directions.  Two of 
the differences between poles to inferred shear planes and to local surface slopes are 
between 20-25°; the other two are between 10-20° (F igure 3.15b, light blue bars). 
3.3  Data Summary 
 Considering the data for the seven drumlins collectively, much of the till sampled 
(84% of fabrics) has k1 fabric strengths less than the value expected for till (S1< 0.82) 
sheared to moderate strains (~10). Moreover, there is also a general tendency for fabric 
strengthening with depth, with till at greater than 3 m depth displaying no weak k1 fabrics (S1 
< 0.57) (Figure 3.3).      
Fabric orientations generally deviate from the morphology of the drumlins. In two 
drumlins there was no significant clustering of k1 fabric orientations (Drumlin 3 and 5). In 
some of the drumlins where there was a clustering of k1 fabric orientations, this clustering 
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was greater than 7° from the drumlin axis (Drumlins 2,  4, and 7) (Figure 3.13).   In Drumlins 
1 and 3, where there was good spatial coverage, local shearing directions, as inferred from 
rotated k1 fabric orientations, do not parallel local contours of the drumlin surface (Figure 
3.14). This non-parallelism can also be seen on the western flank of Drumlin 2, where the 
rotated k1 fabric orientations are 50° from the local contour or ientation (Figure 3.16). There 
is also generally a large difference between inferred shear-plane orientations and local 
orientations of the drumlin surface: the differences between the poles to inferred shear 
planes and local surface slopes varies from 1-84°, with an  average value of 23.8°; 70% of 
these values are 16° or greater (Figure 3.15c).   
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CHAPTER 4 – DISCUSSION 
 
4.1  Fabric Strength 
The till that comprises the drumlins of the Madison field has been deformed, but 
most of till sampled has not been sheared to strains large enough to indicate bed 
deformation was the principal transport mechanism.  S1 values are generally too small: 84% 
of till fabrics had S1 values less than 0.82, indicating that these till samples have been 
sheared to strains less than ~ 10.   
If drumlins reflect zones in a formerly shearing bed where shearing resistance was 
abnormally high, then the argument could be made that drumlins should indeed contain till 
that has not been sheared to high strains.  However, if this were true, fabric strengths would 
tend to increase upward toward drumlin surfaces, toward till sheared sufficiently to be 
eroded away by deformation.  The opposite is observed; fabric strengths tend to decrease 
upward toward drumlin surfaces (Figure 3.4).    
A concern is that weak fabrics may reflect sample disturbance during coring. Fabrics 
observed at different depths in single cores with similar S1 values and orientations but not 
oriented systematically with respect to the core-barrel walls suggest that sample 
disturbance was not significant (e.g., Figure 3.6: 1-a, 1-h, and 1-l; Figure 3.7: 2-c, 2 m to 6 
m; Figure 3.9: profiles a and b).  Others (Evenson, 1971) have obtained similarly self-
consistent results by analyzing till samples collected from cores.  
 The greater tendency for weak fabrics near drumlin surfaces may indicate that 
supraglacial till, which typically has weaker fabrics (Benn and Evans, 1998), blankets some 
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of the drumlins.  The stone line observed in Drumlin 2 (Figure 3.5) is a possible contact 
between supraglacial and basal till, as the fabrics observed above this line (Table 3.1: 2-a, 
1.5 and 2 m, 2-b, 1, 1.5, and 2 m) are relatively weak and indicate a different shearing 
direction than the fabrics within the same profile below the stone line.  Shallow fabrics were 
not likely disturbed by pedogenic processes, as samples were taken below the soil horizon. 
Others have noted a draped till on some, but not all, of the drumlins of the GBL (Colgan and 
Mickelson, 1997). 
 A further line of evidence for supraglacial till blanketing drumlins is the weak and 
inconsistently oriented fabrics of Drumlin 3.  The average depth of sampling for Drumlin 3 
(1.1 m) is shallower than the other drumlins. 60% of fabrics were too weak to be plotted (S1 
< 0.57) on Figure 3.13, and stronger k1 fabrics were in highly variable orientations.   
Finally, an important caveat regarding interpreting fabric strength is that it may, at 
least in part, be developed not by bed deformation but by particle rotation in shearing basal 
ice, with subsequent preservation of particle alignment upon deposition (Boulton, 1970; 
Lawson, 1979a, b; Mickelson, 1986; Ham and Mickelson, 1994).  In this case, bed 
deformation would begin with an inherited fabric, such that less strain would be required to 
reach a high, steady-state fabric strength. Thus, the overarching conclusion that the weak 
fabrics measured indicate only modest bed deformation (strain < 10) is robust, regardless of 
possible previous fabric development in basal ice.   
4.2  Fabric Orientation 
 Discounting Drumlin 3, where mostly shallow cores were collected, three of the other 
four drumlins from the southern part of the GBL (1, 2, 4, 7) have k1 fabric orientations that 
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are not symmetrically disposed about the glacier flow direction determined from local 
drumlin orientations, with Drumlin 1 comprising the exception.  Instead, fabric orientations 
provide eigenvectors that are 25°, 7°, and 14° to  sou theast of the flow direction for 
Drumlins 2, 4, and 7, respectively (Figure 3.13).  In ring-shear experiments with the Horicon 
till, deviations between the shearing and fabric direction did not exceed 6°.  Thus, the 
significant and relatively systematic difference between the flow and fabric orientation of 
drumlins is consistent with fabric forming during a different period and flow direction than 
those responsible for later drumlin formation.  In Drumlin 6, approximately 150 km to the 
north of these drumlins, and in Drumlin 1, fabric and flow direction are essentially identical, 
which could mean either that fabrics there are related to drumlin-forming processes or that 
there was no difference in flow direction between the period of fabric formation and the later 
period of drumlinization.   
 Although Drumlins 1 and 6 do not provide support for our hypothesis, it is supported 
by a previous fabric study on nearby drumlins of the southern GBL.  Evenson (1971) studied 
sand-grain microfabrics measured from cores and gravel-pit exposures of drumlins south of 
Watertown.  Sand-grain microfabric data do not include orientations of the intermediate 
axes of elongate grains, but assuming that the orientation of V2 calculated from sand-grain 
long-axis orientations approximates the intermediate axis, the shearing direction was 
determined by applying the same rotation applied to the AMS data: V1 orientations based on 
sand-grain long axes were rotated 28° down-glacier aro und the V2 orientation.  The 
resultant orientations of sand-grain long axes provide an eigenvector that is 25° to the 
southeast of the glacier flow direction (Figure 4.1), similar to results obtained from Drumlins 
2, 4, and 7. 
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Drumlin axes – 190° 
V1 – 165°, 17° 
S1 – 0.80 
 The hypothesis that the period of fabric formation preceded drumlin formation is 
reinforced by evidence that inferred shear plane orientations are not related to the drumlin 
form; drumlin streamlining should result in shear zones oriented roughly parallel to the 
drumlin surface.  In Drumlins 1, 2, 6, and 7, there was a strong tendency for inferred shear 
planes to be nearly horizontal, and bear little relation to the local drumlin surface slope.  In 
Drumlins 3, 4, and 5, inferred shear planes tended to dip steeply, but these dips were not 
systematically related to the local drumlin surface slope.  The average difference between  
Figure 4.1 – Evenson’s (1971) sand-grain long-axis fabric orientations rotated 28° down-
glacier about the V2 orientation indicated by the sand-grain fabrics.  The black squares 
represent the rotated V1 orientations based on orientations of sand-grain long axes.  The 
black arrow is the local ice flow direction as indicated by orientations of drumlins. 
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poles to inferred shear planes and the local drumlin surface slope is 23.8° across all 
drumlins, and 70% of these values are greater than 16° (Figure 3.15).  Shumway and 
Iverson (2009) also found that shear planes inferred using the same method of this study 
commonly dipped steeply, despite surface topography with small slopes.  
 Similarly, Evenson (1971) found little evidence that fabrics were systematically 
related to surface slopes.  He stated that ‘only four samples were judged to have plunges 
that were slope-conformable.’  At that time, however, the development of till fabric during 
shear was poorly known, and long axes of till particles in a horizontal shear zone were not 
expected to plunge 20-30° up-glacier.  Also, no slope d ata of that study were published, so 
the relationship between Evenson’s fabric orientations and the local slopes of the drumlins 
he studied is unclear. 
4.3  Drumlin Formation 
 The Madison drumlins are thought to have formed during the Johnstown phase of 
the GBL, when the lobe was at its maximum building the Johnstown Moraine (Colgan and 
Mickelson, 1997).  Convincing evidence indicates that drumlins did not form during retreat 
of the ice lobe. This evidence includes recessional moraines both draped over drumlins and 
not normal to drumlin long axes.  Also, eskers, which formed during the later Lake Mills 
phase, are deflected by and superimposed on large drumlins, which indicates drumlins 
formed prior to the Lake Mills phase (Colgan and Mickelson, 1997) 
 If drumlins did not form during glacier retreat, then the lack of fabric symmetry about 
the long axes of drumlins and the lack of correlation between fabrics and local drumlin 
slope, as indicated by both our data and other data (Evenson, 1971), is evidence that there 
was a period during either glacier advance, or early in the Johnstown phase prior to 
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drumlinization, when flow was to the southeast of the subsequent flow direction when the 
drumlins formed.  This lack of fabric symmetry about drumlin long axes would seem to imply 
that till deformation preceded drumlin formation and that the drumlins are erosional 
remnants of a previously deformed till.  Bed deformation that formed the fabric was, 
therefore, apparently not related to drumlin formation and predated it.  Alternatively, the 
data could indicate that there can be large differences between orientations of drumlins and 
the direction of ice flow that formed them, although this possibility seems unlikely. 
 From his data, Evenson (1971) suggested that the drumlins of the GBL were of 
depositional origin. He attributed their formation to upward transport of material from areas 
of high pressure on drumlin flanks to lower pressure near the crests of drumlins where the 
ice is thinner.  As evidence for this, he cited the up-glacier plunge of sand-grain long axes 
as developing during this upward transport of till.  However, ring-shear experiments have 
demonstrated that this up-glacier plunge of sand grains develops in horizontal shear zones 
due to grain rotation induced by two sets of Reidel shears (Thomason and Iverson, 2006). 
Thus, up-glacier plunging sand grains do not necessarily provide support for upward 
transport of till in drumlins. 
 On the other hand, considerable evidence cited by others is consistent with the 
drumlins being primarily a consequence of erosion, as argued herein.  The nearby 
Waukesha drumlins have an internal stratigraphy of normally horizontal layers of outwash 
and till. Overlying and truncating this flat-lying drift is a basal till, which is indistinguishable 
from an uppermost flat-lying till layer.  Whittecar and Mickelson (1977, 1979) argued that 
this uppermost till was deposited during advance on top of preexisting outwash; this 
stratigraphy was subsequently eroded into the drumlin form, and then blanketed by a later 
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till during retreat.  Similarly, Colgan and Mickelson (1997), citing truncation of sediments, 
suggested that the drumlins of the GBL were at least partially formed by erosion of 
preexisting sediments. 
 The mechanism of erosion cannot be readily inferred from the fabric data of this 
study.  However, erosion by bed deformation (e.g. Boulton, 1987) seems unlikely because 
fabric strengths do not increase upward, as would be expected if till higher in the drumlin 
had been sheared sufficiently to advect till away leaving an erosional surface.  Moreover, 
the fabric asymmetry about many drumlin long axes is not consistent with erosion by bed 
deformation.  Other possible mechanisms of erosion include differential entrainment of 
sediment by ice, either due to freezing-on of sediment due to the glacier overriding 
permafrost (e.g., Attig et al., 1989) or regelation of ice into the bed at rates controlled by 
spatial gradients in effective normal stress that ice exerted on the bed (Iverson, 2000).  
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CHAPTER 5 – CONCLUSION 
 
 Results of this study indicate that the till of the drumlins of the Madison field has 
been deformed but to strains too small to indicate that bed deformation was the primary 
sediment transport mechanism:  eigenvalues are generally too small (S1 < 0.82 in 84% of 
samples) to indicate strains greater than ~10.  Furthermore, fabric strength tends to 
decrease toward drumlin surfaces, which would not be expected if the till were deformed 
pervasively.   
At least some drumlins of the GBL are blanketed by supraglacial till, as has been 
suggested by others (Colgan and Mickelson, 1997). At shallow depths fabric strength is 
more variable than at depth (> 1.6 m), where weak fabrics (S1 < 0.57) are absent.  This 
conclusion is reinforced by the stone line of Drumlin 2, above which fabric strengths and 
directions were inconsistent with fabrics at greater depth.  The weak, highly-variable fabrics 
of Drumlin 3 are further evidence of a supraglacial till, given the small average sampling 
depth in that drumlin (1.1 m). 
Deformation that caused fabric development likely predated drumlin formation. 
Drumlins 2, 4, and 7 have k1 fabric orientations that are not symmetrically disposed about 
the glacier flow direction determined from local drumlin orientations.  Rather, fabric 
orientations provide eigenvectors that are 7-25° to th e southeast of drumlin long axes.  The 
microfabric data of Evenson (1971) collected from nearby drumlins of the GBL similarly 
indicate a shearing direction 25° southeast of drumlin o rientations.  These data indicate that 
fabric developed when ice flow was to the southeast of that during drumlin formation.  In 
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Drumlins 1 and 6, fabric and drumlin long-axis orientations are similar, indicating either that 
bed deformation was influential in the formation of the drumlins or that ice-flow directions 
prior to and during drumlin formation were similar.  The latter is more likely because 
orientations of shear planes–inferred from orientations of principal susceptibilities–in all 
drumlins show little relation to local drumlin slopes, which indicates that drumlin sculpting 
was not related to till deformation that formed the AMS fabric.   
  The drumlins, therefore, are inferred to have been formed by differential erosion of 
a pre-existing till layer. This erosion did not fully reset the pre-existing till fabric or 
strengthen the till fabric preferentially near the till surface. Thus, there is no evidence that 
advection of till down-glacier by bed deformation was the process of erosion responsible for 
drumlin formation, contrary to many models of drumlin formation (e.g., Boulton, 1987; Hart, 
1997; Menzies et al., 1997) 
 
71 
 
REFERENCE LIST 
Alden, W.C. 1905. Drumlins of Southeastern Wisconsin. US Geol. Surv. Bull., 273, 111 pp. 
Allan, R.J. 1967. Drumlin soils of southeastern Wisconsin – some characteristics and 
genetic interpretations. M.S. Thesis. University of Wisconsin – Madison. 149p. 
Alley, R. B., D.D. Blankenship, C.R. Bentley, and S.T. Rooney. 1986. Deformation of till 
beneath ice stream B, West Antarctica. Nature, 322, 57-59. 
Alley, R. B., D.D. Blankenship, C.R. Bentley, and S.T. Rooney. 1987. Till beneath ice 
stream B 3. Till deformation: evidence and implications. J. Geophys. Res., 92, 8921-
8930. 
Alley, R.B. 1991. Deforming-bed origin for southern Laurentide till sheets? J. Glaciol, 37, 
67-76. 
Attig, J.W., Mickelson, D.M. and Clayton, L. 1989. Late Wisconsin landform distribution and 
glacier-bed conditions in Wisconsin. Sediment. Geol., 62, 399-405. 
Benn, D.I., and D.J.A. Evans. 1998. Glaciers and Glaciation, Arnold, London. 
Benn, D.I., and D.J.A. Evans. 2006. Subglacial megafloods: outrageous hypothesis or just 
outrageous? In:  Knight, P.G. (Ed.), Glacier Science and Environmental Change. 
Oxford, Blackwell, 42-46. 
Borowiecka, B.Z., and R.H. Erickson. 1985. Wisconsin drumlin field and its origin, Z. 
Geomorphol., N.F., 29, 417-438. 
Boulton, G.S. 1970. On the deposition of subglacial and melt-out tills at the margins of 
certain Svalbard glaciers. J. Glaciol., 9, 231-245. 
 
72 
 
Boulton, G.S. 1987. A theory of drumlin formation by subglacial sediment deformation.  In: 
Menzies, J. and Rose, J. (Eds.) Drumlin Symposium.  Rotterdam, Balkema, 25-80. 
Boulton, G.S. and R.C.A. Hindmarsh. 1987. Sediment deformation beneath glaciers:  
rheology and geological consequences. J. Geophys. Res., 92(B9), 9059-9082. 
Clark, C.D. 1994. Large-scale ice-moulding, a discussion of genesis and glaciological 
significance. Sed. Geol., 91, 253-268. 
Colgan, P. M. & Mickelson, D. M. 1997. Genesis of streamlined landforms and flow history 
of the Green Bay lobe, Wisconsin, USA. Sed. Geol., 111, 7–25. 
Evenson, E.B. 1971. The relationship of macro- and microfabric of till and the genesis of 
glacial landforms in Jefferson County, Wisconsin. In: Goldthwait, R.P. (Ed.) Till, a 
symposium. Ohio State University Press, Columbus, Ohio, 345-364. 
Hart, J.K. 1997. The relationship between drumlins and other forms of subglacial 
glaciotectonic deformation. Quat. Sci. Rev.,16(1), 93-107. 
Hindmarsh, R.C.A. 1998. Drumlinization and drumlin-forming instabilities: viscous till 
mechanisms. J. Glaciol, 44, 293-314. 
Hooyer, T.S. and N.R. Iverson. 2000. Clast-fabric development in a shearing granular 
material: Implications for subglacial till and fault gouge. GSA Bull., 112 (5), 683-692. 
Hooyer, T.S., N.R. Iverson, F. Lagroix, and J.F. Thomason. 2008. Magnetic fabric of 
sheared till: A strain indicator for evaluating the bed deformation model of glacier 
flow. J. Geophys. Res., 113, FO2002, doi: 10.1029/2007JF000757. 
Iverson, N.R. 2000. Sediment entrainment by a soft-bedded glacier: a model based on 
regelation into the bed. Earth Surf. Proc. Landf., 25, 881-893. 
73 
 
Iverson, N.R., T.S. Hooyer, J.F. Thomason, M. Graesch, and J.R. Shumway. 2008. The 
experimental basis for interpreting particle and magnetic fabrics of sheared till. Earth 
Surf. Proc. Landf., 33, 627-645.  
Iverson, N.R., T.S. Hooyer and R.W. Baker. 1998. Ring-shear studies of till deformation: 
Coulomb-plastic behavior and distributed strain in glacier beds. J. Glaciol., 44(148), 
634-642. 
Johnson, M.D. 1983. The origin and microfabric of Lake Superior red clay. J. Sediment. 
Petrol., 53(3), 859-873. 
Kamb, B. 1991. Rheological nonlinearity and flow instability in the deforming bed 
mechanism of ice stream motion. J. Geophys. Res., 96 (B10), 16585-16595. 
Kerr, M., and N. Eyles. 2007. Origin of drumlins on the floor of Lake Ontario and in upper 
New York State. Sed. Geol., 193, 7-20. 
Lawson, D.E. 1979a. A comparison of the pebble orientation in ice and deposits of the 
 Matanuska Glacier, Alaska. J. Geol., 87, 629-645. 
Lawson, D.E. 1979b. Sedimentological Analysis of the Western Terminus Region of the 
Matanuska Glacier, Alaska. U.S. Army Cold Regions Research and Engineering Lab 
Report 79-9. 
Mark, D. M. 1973. Analysis of axial orientation data, including till fabrics. GSA Bull., 84, 
1369-1374. 
Menzies, J., K. Zaniewski, and D. Dreger. 1997. Evidence, from microstructures, of 
deformable bed conditions within drumlins, Chimney Bluffs, New York State. Sed. 
Geol., 111, 161-175. 
74 
 
Mickelson D. M. 1986. Landform and till genesis in the eastern Burroughs Glacier-Plateau 
remnant area, Glacier Bay, Alaska. In: Anderson P.J., Goldthwaite R.P., and 
McKenzie G.D. (Eds.). Observed Processes of Glacial Deposition in Glacier Bay, 
Alaska. Ohio State University, Institute of Polar Studies Miscellaneous Publication 
236, 47-67.  
Newman, W. A., and D. M. Mickelson. 1994. Genesis of Boston Harbor drumlins, 
Massachusetts. Sed. Geol. 91, 333-343. 
Paterson, C.J. and R. LeB. Hooke. 1995. Physical environment of drumlin formation, J. 
Glaciol., 41, 30-38. 
Rose, J. 1989. Glacier stress patterns and sediment transfer associated with the formation 
of superimposed flutes. Sed. Geol., 62, 151-176. 
Schneider, A.F. 1983. Wisconsin stratigraphy and glacial sequence in southeastern 
Wisconsin. Geoscience Wisconsin, 7, 59-85. 
Shaw, J. 1983. Drumlins, subglacial meltwater floods, and ocean responses. Geology, 17, 
853-856. 
Shaw, J., and D. Kvill. 1984. A glaciofluvial model for drumlins of the Livingstone Lake area, 
Saskatchewan. Canadian J. Earth Sci., 21, 1442-1459. 
Shaw, J., Kvill, D. and Rains, B. 1989. Drumlins and catastrophic subglacial floods. Sed. 
Geol., 62, 177-202. 
Shumway, J.R., and N.R. Iverson. 2009. Magnetic fabrics of the Douglas Till of the Superior 
lobe: exploring bed-deformation kinematics. Quat. Sci. Rev., 28, 107-119. 
Smalley, I.J. and D.J. Unwin. 1968. The formation and shape of drumlins and their 
distribution and orientation in drumlin fields. J. Glaciol., 7, 377-390. 
75 
 
Stanford, S.D. 1983. Fabric and depositional structures in drumlins near Waukesha, 
Wisconsin. Geoscience Wisconsin, 7, 98-111. 
Tarling, D.H. and F. Hrouda. 1993. The Magnetic Anisotropy of Rocks. Chapman and Hall, 
London. 
Thomason, J.F. and N.R. Iverson. 2006. Microfabric and microshear evolution in deformed 
till. Quat. Sci. Rev., 25, 1027-1038. 
Thomason, J.F. and N.R. Iverson. 2009. Deformation of the Batestown till of the Lake 
Michigan lobe, Laurentide ice sheet. J. Glaciol., 55, 131-146. 
Tulaczyk, S., W.B. Kamb and H.F. Engelhardt. 2000. Basal mechanics of Ice Stream B, 
West Antarctica 1. till mechanics. J. Geophys. Res., 105(B1), 463-481. 
Whittecar, G.R. and Mickelson, D.M. 1977. Sequence of till deposition and erosion in 
drumlins. Boreas, 6, 213-217. 
Whittecar, G.R., and D.M. Mickelson. 1979. Composition, internal structures, and an 
hypothesis of formation for drumlins, Waukesha County, Wisconsin, U.S.A. J. 
Glaciol, 22, 357-370. 
Winguth, C., D.M. Mickelson, P.M. Colgan and B.J.C. Laabs. 2004. Modeling the 
deglaciation of the Green Bay Lobe of the southern Laurentide Ice Sheet. Boreas, 
33, 34-47. 
